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1
OXIDE SEMICONDUCTOR FILM AND
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an oxide semiconductor
film and a semiconductor device including the oxide semi-
conductor film.

Note that the semiconductor device in this specification
refers to all devices that can function by utilizing semicon-
ductor characteristics, and electro-optic devices, semicon-
ductor circuits, and electronic appliances are all semiconduc-
tor devices.

2. Description of the Related Art

Transistors formed over a glass substrate or the like are
manufactured using amorphous silicon, polycrystalline sili-
con, or the like, as typically seen in liquid crystal display
devices. A transistor manufactured using amorphous silicon
can easily be formed over a larger glass substrate. However, a
transistor manufactured using amorphous silicon has a disad-
vantage of low field-effect mobility. Although a transistor
manufactured using polycrystalline silicon has high field-
effect mobility, it has a disadvantage of not being suitable for
a larger glass substrate.

In contrast to a transistor manufactured using silicon with
disadvantages as described above, a technique in which a
transistor is manufactured using an oxide semiconductor and
applied to an electronic device or an optical device has
attracted attention. For example, Patent Document 1 discloses
a technique in which a transistor is manufactured using an
amorphous oxide containing In, Zn, Ga, Sn, and the like as an
oxide semiconductor. In addition, Patent Document 2 dis-
closes a technique in which a transistor similar to that in
Patent Document 1 is manufactured and used as a switching
element or the like in a pixel of a display device.

In addition, as for such an oxide semiconductor used in a
transistor, there is also description as follows: an oxide semi-
conductor is insensitive to impurities, there is no problem
when a considerable amount of metal impurities are con-
tained in a film, and soda-lime glass which contains a large
amount of alkali metals such as sodium and is inexpensive can
also be used (see Non-Patent Document 1).

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2006-165529

[Patent Document 2] Japanese Published Patent Application
No. 2006-165528

Non-Patent Document

[Non-Patent Document 1] Kamiya, Nomura, and Hosono,
“Carrier Transport Properties and Electronic Structures of
Amorphous Oxide Semiconductors: The present status”,
KOTAI BUTSURI (SOLID STATE PHYSICS), 2009, Vol.
44, pp. 621-633

SUMMARY OF THE INVENTION

However, when an oxide semiconductor film remains
amorphous, an oxygen vacancy or a dangling bond is likely to
be generated in the oxide semiconductor film and carriers are
generated in the film by the oxygen vacancy or dangling bond
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alone or in combination with hydrogen or the like. Therefore,
electric characteristics of the oxide semiconductor film, such
as the electric conductivity, might change. Such a phenom-
enon changes the electric characteristics of a transistor
including the oxide semiconductor film, which leads to a
reduction in the reliability of the semiconductor device.

Among oxide semiconductor films, an indium zinc oxide
film, which is an oxide semiconductor film containing indium
and zinc, has particularly superior electric characteristics
such as mobility, and is expected as a promising material for
a channel region in a transistor. However, as described above,
the amorphous oxide semiconductor film containing indium
and zinc has a problem of a reduction in reliability as a result
of'a change in electric characteristics. The problem is caused
by the oxygen vacancy or the dangling bond and is common
to oxide semiconductor films.

On the other hand, it is being turned out that in a process of
forming the oxide semiconductor film, the crystallinity of the
oxide semiconductor film is increased so as to improve elec-
tric characteristics. It is also being turned out that in a process
of forming the oxide semiconductor film, the reliability of a
transistor including the oxide semiconductor film is
increased.

In view of the above problem, it is an object to provide an
oxide semiconductor film which has stable electric character-
istics and essentially consists of indium zinc oxide. It is
another object to provide a highly reliable semiconductor
device which has stable electric characteristics by using the
oxide semiconductor film.

One embodiment of the disclosed invention is an oxide
semiconductor film which essentially consists of indium zinc
oxide and has a hexagonal crystal structure in which the a-b
plane is substantially parallel to a surface of the oxide semi-
conductor film and a rhombohedral crystal structure in which
the a-b plane is substantially parallel to the surface of the
oxide semiconductor film.

Another embodiment of the disclosed invention is an oxide
semiconductor film which essentially consists of indium zinc
oxide and has a hexagonal crystal structure in which the a-b
plane is substantially parallel to a surface of the oxide semi-
conductor film and a rhombohedral crystal structure in which
the a-b plane is substantially parallel to the surface of the
oxide semiconductor film. Further, the hexagonal crystal
structure is a crystal structure of an oxide semiconductor
having a composition ratio of In:Zn=1:1 and the rhombohe-
dral crystal structure is a crystal structure of an oxide semi-
conductor having a composition ratio of In:Zn=2:1.

Another embodiment of the disclosed invention is a semi-
conductor device including a gate electrode, a first insulating
film provided over the gate electrode, an oxide semiconductor
film essentially consisting of indium zinc oxide provided over
the first insulating film, a source electrode and a drain elec-
trode provided in contact with the oxide semiconductor film,
and a second insulating film provided over the oxide semi-
conductor film. Further, the oxide semiconductor film has a
hexagonal crystal structure in which the a-b plane is substan-
tially parallel to a surface ofthe oxide semiconductor film and
a rthombohedral crystal structure in which the a-b plane is
substantially parallel to the surface of the oxide semiconduc-
tor film.

Another embodiment of the disclosed invention is a semi-
conductor device including a gate electrode, a first insulating
film provided over the gate electrode, an oxide semiconductor
film essentially consisting of indium zinc oxide provided over
the first insulating film, a source electrode and a drain elec-
trode provided in contact with the oxide semiconductor film,
and a second insulating film provided over the oxide semi-
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conductor film. Further, the oxide semiconductor film has a
hexagonal crystal structure in which the a-b plane is substan-
tially parallel to a surface ofthe oxide semiconductor film and
a rhombohedral crystal structure in which the a-b plane is
substantially parallel to the surface of the oxide semiconduc-
tor film. Furthermore, the hexagonal crystal structure is a
crystal structure of an oxide semiconductor having a compo-
sition ratio of In:Zn=1:1 and the rhombohedral crystal struc-
ture is a crystal structure of an oxide semiconductor having a
composition ratio of In:Zn=2:1.

The oxide semiconductor film essentially consisting of
indium zinc oxide disclosed in one embodiment of the present
invention can have stable electric characteristics. By using
such an oxide semiconductor film essentially consisting of
indium zinc oxide for a transistor, a highly reliable semicon-
ductor device having stable electric characteristics can be
provided.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is a cross-sectional TEM image according to one
embodiment of the present invention;

FIGS. 2A and 2B are electron beam diffraction patterns
according to one embodiment of the present invention;

FIGS. 3A and 3B show XRD spectra according to one
embodiment of the present invention;

FIGS. 4A and 4B show XRD spectra according to one
embodiment of the present invention;

FIGS. 5A to 5E are cross-sectional views illustrating a
process of manufacturing a semiconductor device according
to one embodiment of the present invention;

FIGS. 6A and 6B are schematic diagrams for describing a
sputtering apparatus;

FIGS. 7A and 7B are schematic diagrams illustrating a
crystal structure of a seed crystal;

FIGS. 8A and 8B are cross-sectional views illustrating a
process of manufacturing a semiconductor device according
to one embodiment of the present invention;

FIGS. 9A to 9C are cross-sectional views each illustrating
a semiconductor device according to one embodiment of the
present invention;

FIGS. 10A to 10C are a block diagram and equivalent
circuit diagrams illustrating one embodiment of the present
invention; and

FIGS. 11A to 11D are external views each illustrating an
electronic appliance according to one embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the invention will be described below
with reference to the accompanying drawings. Note that the
invention is not limited to the following description, and it
will be easily understood by those skilled in the art that
various changes and modifications can be made without
departing from the spirit and scope of the invention. There-
fore, the invention should not be construed as being limited to
the description in the following embodiments. Note that in
structures of the present invention described hereinafter, the
same portions or portions having similar functions are
denoted by the same reference numerals in different draw-
ings, and description thereof is not repeated.

Note that in each drawing described in this specification,
the size, the layer thickness, or the region of each component
is exaggerated for clarity in some cases. Therefore, embodi-
ments of the present invention are not limited to such scales.
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Note that terms such as “first”, “second”, and “third” in this
specification are used in order to avoid confusion among
components, and the terms do not limit the components
numerically. Therefore, for example, the term “first” can be
replaced with the term “second”, “third”, or the like as appro-
priate.

Embodiment 1

This embodiment shows a structure of an oxide semicon-
ductor film essentially consisting of indium zinc oxide (here-
inafter referred to as indium zinc oxide film) with reference to
FIG. 1, FIGS. 2A and 2B, FIGS. 3A and 3B, and FIGS. 4A
and 4B.

The indium zinc oxide film according to this embodiment
includes a region having crystal structures. The region having
crystal structures has a hexagonal crystal structure in which
the a-b plane is substantially parallel to a surface of the
indium zinc oxide film and a rhombohedral crystal structure
in which the a-b plane is substantially parallel to the surface of
the indium zinc oxide film.

Here, an indium zinc oxide film having hexagonal and
rhombohedral crystal structures was formed, and a cross sec-
tion thereof was observed with a transmission electron micro-
scope (TEM). FIG. 1 shows a result of the observation (cross-
sectional TEM image). In the cross-sectional TEM image
shown in FIG. 1, a plurality of regions can be seen in which
atoms are arranged in layers in the indium zinc oxide film.

Note that the sample of the cross-sectional TEM image of
the indium zinc oxide film shown in FIG. 1 was formed in
such a manner that indium zinc oxide was deposited to a
thickness of 50 nm over a quartz substrate. The cross-sec-
tional TEM image of the indium zinc oxide film was taken
right after the deposition thereof with a sputtering apparatus
using indium zinc oxide with a composition ratio of
In:Zn=2:1 as a target. The deposition with the sputtering
apparatus was conducted under the following conditions: the
quartz substrate was heated at 200° C.; the DC power was 100
W; a gas having a flow rate ratio of oxygen to a mixed gas of
argon and oxygen of 3:10 was used; and the deposition pres-
sure was 0.4 Pa.

Next, FIGS. 2A and 2B show electron beam diffraction
patterns obtained by perpendicularly irradiating, with an
electron beam, cross sections of the indium zinc oxide film
having hexagonal and rhombohedral crystal structures shown
in FIG. 1. Since the electron beam diffraction patterns in
FIGS. 2A and 2B are those of the cross section of the sample,
the perpendicular (vertical) direction of the pattern is the
c-axis direction.

Note that the cross-sectional TEM image and the electron
beam diffraction patterns were taken with a transmission
electron microscope H-9000-NAR manufactured by Hitachi
High-Technologies Corporation at an acceleration voltage of
300 kV and a magnification of 8 million times.

The electron beam diffraction patterns shown in FIGS. 2A
and 2B represent reciprocal lattice points in the crystal struc-
tures. When the sample has a crystal structure, the pattern has
spots (A points, B points, and C point in FIGS. 2A and 2B);
when the sample has a polycrystalline structure with a ran-
dom crystal orientation or an amorphous structure, the pattern
has a ring shape (also referred to as concentric shape). There-
fore, from the electron beam diffraction patterns shown in
FIGS. 2A and 2B, it is found that the indium zinc oxide film
shown in FIG. 1 has crystal structures. Further, the electron
beam diffraction patterns shown in FIGS. 2A and 2B are
different from each other owing to a difference in crystal
structures.
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In the electron beam diffraction patterns shown in FIGS.
2A and 2B, diffraction spots A points, B points, and C point
each represent a diffraction spot from a lattice plane, which
was formed with an incident electron beam. The electron
beam enters in a direction perpendicular to the cross section
of the indium zinc oxide film.

A points in FIGS. 2A and 2B are each located on an axis
substantially perpendicular to the horizontal axis in FIGS. 2A
and 2B. Therefore, crystal structures of the indium zinc oxide
film are found to have an a-axis and a b-axis which are parallel
to a plane of the quartz substrate and to be oriented in the
c-axis direction which is substantially perpendicular to the
plane of the quartz substrate. That is, the crystal structures of
the indium zinc oxide film are found to have an a-b plane in
which the a-axis and b-axis are substantially parallel to the
plane of the quartz substrate, and a surface of the indium zinc
oxide film is a plane substantially parallel to the plane of the
quartz substrate, i.e., the a-b plane is substantially parallel to
the surface of the indium zinc oxide film.

In the electron beam diffraction patterns shown in FIGS.
2A and 2B, when an electron beam enters the indium zinc
oxide film, a diffraction spot of an electron wave that passes
through the indium zinc oxide film without diffraction is
(000) spot (the central point in the electron beam diffraction
pattern, O spots in FIGS. 2A and 2B). An angle formed by two
of'the diffraction spots and (000) spot between the diffraction
spots is an angle formed by normals to lattice planes. Mea-
surements of these angles can identify the crystal structure.

Specifically, in FIG. 2A, angle AOB formed by A point, O
point, and B point is 90.0°. In FIG. 2B, angle AOB formed by
A point, O point, and B point is 69.0°, angle AOC formed by
A point, O point, and C point is 38.7°, and angle BOC formed
by B point, O point, and C point is 30.3°. These results
indicate that the electron beam diffraction patterns shown in
FIGS. 2A and 2B are of a thombohedral crystal (also referred
to as trigonal crystal) and a hexagonal crystal, respectively.

Thus, the electron beam diffraction patterns shown in
FIGS. 2A and 2B indicate that the indium zinc oxide film
shown in FIG. 1 has a thombohedral crystal structure in which
the a-b plane is substantially parallel to a surface of the oxide
semiconductor film and a hexagonal crystal structure in
which the a-b plane is substantially parallel to the surface of
the oxide semiconductor film.

Further, provided that ;. is a distance [m] between one of
the diffraction spots and (000) spot, d,,;, is a lattice spacing
[m], A is an electron beam wavelength [m], and L is a distance
[m] between the indium zinc oxide film and a film for the
diffraction pattern (camera length), the following formula (1)
is satisfied.

M

Note that the camera length L. was set to 0.8 in the mea-
surements of the electron beam diffraction patterns. The elec-
tron beam wavelength A was calculated from a formula (2).

Py *Gepny =KL

A=k 2mE)) "2 @)

From the formula (2), the electron beam wavelength A is
found to be 2.75x107 "2 m. In the formula (2), h represents the
Planck’s constant (6.626x 107> J-s), m represents a rest mass
of an electron (9.10x107! kg), and E represents electron
acceleration energy. Here, since an electron acceleration volt-
age was set to 200 kV, the electron acceleration energy E was
200x10°x1.6x107*7 I.

As described above, since the electron beam wavelength A
and the camera length L are known, when r,,,, is measured
from the electron beam diffraction pattern, the lattice spacing
dger can be estimated. Bstimated lattice spacings d ., are
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shown in Table 1. Note that the Miller index corresponding to
each lattice spacing d,;,, is an index obtained with reference
to known crystal data of possibly corresponding substance,
such as a JCPDS card.

TABLE 1

Rhombohedral crystal (FIG. 2A

Miller index

Hexagonal crystal (FIG. 2B)

Lattice spacing (nm) Miller index  Lattice spacing (nm)

hkl=100 0.299 hkl=100 0.292
hkl=009 0.292 hkl1=008 0.288
hkl=103 0.283 hkl=104 0.260
hkl=106 0.247 hkl=110 0.169
hkl=109 0.209 hkl=1012 0.161
hkl=1012 0.177 hkl=118 0.146
hkl=110 0.173

hkl=119 0.149

An analysis using the lattice spacings d ., and the Miller
indexes indicates that the electron beam diffraction pattern
shown in FIG. 2A is a pattern of In,ZnO,, having a composi-
tion ratio of In:Zn=2:1, and that the electron beam diffraction
pattern shown in FIG. 2B is a pattern of In,Zn,O; having a
composition ratio of In:Zn=1:1. Note that in the electron
beam diffraction pattern shown in FIG. 2A, it is found that
each number of “1” which is the Miller index in the c-axis
direction of the obtained diffraction spot is a multiple of 3.
Considering the symmetry, this result also indicates that the
electron beam diffraction pattern shown in FIG. 2A is a pat-
tern of the rhombohedral crystal (also referred to as trigonal
crystal). Note that in the electron beam diffraction pattern
shown in FIG. 2B, it is found that each number of “I”” which
is the Miller index in the c-axis direction of the obtained
diffraction spot is a multiple of 2. Considering the symmetry,
this result also indicates that the electron beam diffraction
pattern shown in FIG. 2B is a pattern of the hexagonal crystal.

Next, Table 2 shows results of measurements of angles
formed by two diffraction spots whose Miller indexes are
estimated and (000) spot between the diffraction spots. From
Table 1 and Table 2, it is found that lattice spacings d;,,, and
angles formed by (000) spot and the diffraction spots whose
Miller indexes are estimated differ between the rhombohedral
crystal in FIG. 2A and the hexagonal crystal in FIG. 2B.

TABLE 2

Rhombohedral crystal (FIG. 2A) Hexagonal crystal (FIG. 2B)
Angle formed by
diffraction spots Angle (°)  Miller index Angle (°)
£009-103 71.1 £008-104 63.2
£009-106 557 £008-1012 334
£009-109 44.3 £104-1012 29.8
£009-1012 36.2 £008-110 90.0
£009-1015 30.4 £008-118 59.7
£009-110 90.0 £110-118 30.3
£009-119 59.4

By collating the results shown in Table 2 and the above-
described known crystal data of possibly corresponding sub-
stances, the electron beam diffraction pattern shown in FIG.
2A is identified as a pattern of In,ZnO, having a composition
ratio of In:Zn=2:1, and the electron beam diffraction pattern
shown in FIG. 2B is identified as a pattern of In,Zn, O, having
a composition ratio of In:Zn=1:1.

From the above results in FIG. 1 and FIGS. 2A and 2B, itis
found that the indium zinc oxide film according to this
embodiment includes a region having a rhombohedral



US 9,196,690 B2

7

In,Zn0, crystal structure and a hexagonal In,Zn,0O; crystal
structure. That is, a region having the crystal structures has a
hexagonal In,Zn,O; crystal structure in which the a-b plane is
substantially parallel to a surface of the indium zinc oxide
film and has a rhombohedral In,ZnO, crystal structure in
which the a-b plane is substantially parallel to the surface of
the indium zinc oxide film.

Therefore, the indium zinc oxide film having hexagonal
and rhombohedral crystal structures have favorable crystal-
linity unlike an oxide semiconductor film which is entirely
amorphous; thus, oxygen vacancies, dangling bonds, or
impurities such as hydrogen bonded to dangling bonds or the
like are reduced. An oxygen vacancy, a dangling bond, hydro-
gen bonded to a dangling bond or the like, or the like functions
as a carrier trap or a source for supplying a carrier in the oxide
semiconductor film, which might change the electric conduc-
tivity of the oxide semiconductor film. Therefore, the oxide
semiconductor film having hexagonal and rhombohedral
crystal structures in which such defects are reduced has stable
electric conductivity and is more electrically stable with
respect to irradiation with visible light, ultraviolet light, and
the like.

The indium zinc oxide film according to this embodiment
may include a plurality of regions each of which has a hex-
agonal crystal structure and a rhombohedral crystal structure,
and a-axis or b-axis directions of crystal structures in the
plurality of regions may be different from each other. How-
ever, it is preferable that regions with different a-axis or b-axis
directions be not in contact with each other so as not to form
a grain boundary at an interface where the regions are in
contact with each other. Therefore, the oxide semiconductor
film preferably has an amorphous region which surrounds the
region having hexagonal and rhombohedral crystal struc-
tures.

Next, X-ray diffraction (XRD) measurement was further
performed on the indium zinc oxide film. The measurement
results that support the results in FIG. 1 and FIGS. 2A and 2B
are shown below.

FIG. 3A shows XRD spectra of indium zinc oxide films
measured by an out-of-plane method. As a comparative
example, FIG. 3B shows an XRD spectrum of an indium zinc
oxide film containing gallium (indium gallium zinc oxide
(IGZ0) film) measured by an out-of-plane method. In each of
FIGS. 3A and 3B, the vertical axis represents X-ray diffrac-
tion intensity (arbitrary unit) and the horizontal axis repre-
sents rotation angle 26 (deg.).

FIG. 3 A shows results of measurements of XRD spectra of
an indium zinc oxide film formed at a substrate temperature of
room temperature (Tsub=R.T.), of an indium zinc oxide film
formed at a substrate temperature of 100° C. (Tsub=100° C.),
and of an indium zinc oxide film formed at a substrate tem-
perature of 200° C. (Tsub=200° C.). FIG. 3B shows a result of
measurement of the XRD spectrum of the indium zinc oxide
containing gallium, which was deposited at a substrate tem-
perature of 200° C. (Tsub=200° C.). Indium zinc oxide and
indium zinc oxide containing gallium were deposited under
the same conditions expect for the temperatures of the sub-
strates which were quartz substrates.

In FIG. 3A, the indium zinc oxide film formed at the
substrate temperature of 200° C. (Tsub=200° C.) has a strong
peak around 26=30°; however, the indium zinc oxide films
formed at the substrate temperatures of 100° C. (Tsub=100°
C.) and room temperature (Tsub=R.T.) hardly have peaks
around 20=30°. Similarly, in FIG. 3B, the indium zinc oxide
film containing gallium, which was formed at the substrate
temperature of 200° C. (Tsub=200° C.), does not have a peak
around 26=30° either. The peak in FIG. 3A is due to diffrac-
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tion on a (008) plane in the crystal structure of In,Zn,0Os.
Thus, it is found that the indium zinc oxide film formed at the
substrate temperature of 200° C. (Tsub=200° C.) is more
likely to crystallize than the indium zinc oxide film containing
gallium, which was formed under the same substrate tem-
perature condition.

FIG. 4A shows an XRD spectrum of the indium zinc oxide
film formed at the substrate temperature of 200° C.
(Tsub=200° C.), which was measured by the out-of-plane
method right after the film formation, whereas FIG. 4B shows
an XRD spectrum of the indium zinc oxide film which was
formed at the substrate temperature of 200° C. (Tsub=200°
C.) and subjected to heat treatment at 350° C. in an atmo-
sphere containing nitrogen and oxygen after the film forma-
tion, which was measured by the out-of-plane method. Before
and after the heat treatment, the indium zinc oxide film
formed at the substrate temperature of 200° C. (Tsub=200°
C.) has a strong peak around 26=30°. As described above, the
peak is due to diffraction on the (008) plane of the crystal
structure of In,Zn,05. Thus, the crystal structure after the
film formation is found to be stable.

By the above-described X-ray diffraction measurements,
the indium zinc oxide film according to this embodiment can
be said to have a crystal structure, which is definitely different
from an amorphous oxide semiconductor film. Further, the
indium zinc oxide film according to one embodiment of the
present invention can be more likely to have a crystal structure
even when the indium zinc oxide film is formed at a low
substrate temperature than an indium zinc oxide film contain-
ing gallium, which is an oxide semiconductor film, formed
under the same temperature condition. Note that the indium
zinc oxide film according to this embodiment has a hexagonal
In,Zn, 04 crystal structure in which the a-b plane is substan-
tially parallel to a surface of the indium zinc oxide film, and a
rhombohedral In,ZnO, crystal structure in which the a-b
plane is substantially parallel to the surface of the indium zinc
oxide film.

In the indium zinc oxide film according to this embodi-
ment, impurities such as an alkali metal in the oxide semi-
conductor film are preferably reduced. For example, in the
oxide semiconductor film, the concentration of lithium is
5x10'* cm™ or lower, preferably 1x10'> cm™ or lower; the
concentration of sodium is 5x10"® cm™ or lower, preferably
1x10'% cm™ or lower, more preferably 1x10'° cm™ or lower;
and the concentration of potassium is 5x10*°> cm™ or lower,
preferably 1x10"> cm™ or lower.

An alkali metal and an alkaline earth metal are adverse
impurities for the oxide semiconductor and are preferably
reduced as much as possible. In particular, when the oxide
semiconductor film containing such an impurity is used for a
transistor, sodium, which is one of the alkali metals, possibly
diffuses into an insulating film in contact with the oxide
semiconductor film to cause fluctuations in the threshold
voltage of the transistor or the like. In addition, sodium
cleaves a bond between metal and oxygen or is inserted
between the metal-oxygen bond in the oxide semiconductor
film. As a result, transistor characteristics deteriorate (e.g., the
transistor becomes normally-on (the shift of the threshold
voltage to a negative side) or the mobility is decreased). In
addition, this also causes variation in characteristics.

Accordingly, it is preferable that impurities in the oxide
semiconductor film having hexagonal and rhombohedral
crystal structures be extremely reduced, the concentration of
an alkali metal be lower than or equal to 5x10'° atoms/cm®,
and the concentration of hydrogen be lower than or equal to
5x10" atoms/cm”.
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The above-described indium zinc oxide film having hex-
agonal and rhombohedral crystal structures have favorable
crystallinity unlike an oxide semiconductor film which is
entirely amorphous; thus, oxygen vacancies, dangling bonds,
or impurities such as hydrogen bonded to dangling bonds or
the like are reduced. An oxygen vacancy, a dangling bond,
hydrogen bonded to a dangling bond or the like, or the like
functions as a carrier trap or a source for supplying a carrier in
the oxide semiconductor film, which might change the elec-
tric conductivity of the oxide semiconductor film. Therefore,
the oxide semiconductor film having hexagonal and rhombo-
hedral crystal structures in which such defects are reduced
has stable electric conductivity and is more electrically stable
with respect to irradiation with visible light, ultraviolet light,
and the like.

The structures and the like described in this embodiment
can be combined as appropriate with any of the structures,
methods, and the like described in other embodiments.

Embodiment 2

This embodiment shows a method of forming the indium
zinc oxide film having hexagonal and rhombohedral crystal
structures described in Embodiment 1 and a method of manu-
facturing a transistor including the indium zinc oxide film
withreferenceto FIGS. 5A to 5E, FIGS. 6A and 6B, FIGS. 7A
and 7B, FIGS. 8A and 8B, and FIGS. 9A to 9C. FIGS. 5A to
5E are cross-sectional views illustrating a process of manu-
facturing a top-gate transistor 120 which is an embodiment of
the structure of a semiconductor device.

First, before the indium zinc oxide film having hexagonal
and rhombohedral crystal structures is formed, a base insu-
lating film 53 is preferably formed over a substrate 51 as
illustrated in FIG. 5A.

The substrate 51 needs to have at least heat resistance high
enough to withstand heat treatment performed later. When a
glass substrate is used as the substrate 51, a glass substrate
whose strain point is 730° C. or higher is preferably used. For
a glass substrate, a glass material such as aluminosilicate
glass, aluminoborosilicate glass, or barium borosilicate glass
is used, for example. Note that a glass substrate containing
BaO and B,0; so that the amount of BaO is larger than that of
B,0; is preferably used. In the case where the substrate 51 is
mother glass, the substrate may have any of the following
sizes: the first generation (320 mmx400 mm), the second
generation (400 mmx500 mm), the third generation (550
mmx650 mm), the fourth generation (680 mmx880 mm or
730 mmx920 mm), the fifth generation (1000 mmx1200 mm
or 1100 mmx1250 mm), the sixth generation (1500
mmx1800 mm), the seventh generation (1900 mmx2200
mm), the eighth generation (2160 mmx2460 mm), the ninth
generation (2400 mmx2800 mm or 2450 mmx3050 mm), the
tenth generation (2950 mmx3400 mm), and the like. The
mother glass drastically shrinks when the treatment tempera-
ture is high and the treatment time is long. Thus, in the case
where mass production is performed with the use of the
mother glass, heat treatment in the manufacturing process is
preferably performed at 600° C. or lower, further preferably,
at 450° C. or lower.

Instead of the glass substrate, a substrate formed of an
insulator, such as a ceramic substrate, a quartz substrate, or a
sapphire substrate can be used. Alternatively, crystallized
glass or the like can be used. Further alternatively, a substrate
obtained by forming an insulating layer over a surface of a
semiconductor substrate such as a silicon wafer or a surface of
a conductive substrate formed of a metal material can be used.
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The base insulating film 53 is preferably formed using an
oxide insulating film from which part of contained oxygen is
released by heat treatment. The oxide insulating film from
which part of contained oxygen is released by heat treatment
is preferably an oxide insulating film which contains oxygen
exceeding the stoichiometry. By using the oxide insulating
film from which part of contained oxygen is released by heat
treatment as the base insulating film 53, oxygen can be dif-
fused into the indium zinc oxide film by heat treatment in a
later step. Typical examples of the oxide insulating film from
which part of contained oxygen is released by heat treatment
include films of silicon oxide, silicon oxynitride, aluminum
oxide, aluminum oxynitride, gallium oxide, hathium oxide,
yttrium oxide, and the like.

The thickness of the base insulating film 53 is greater than
or equal to 50 nm, preferably greater than or equal to 200 nm
and less than or equal to 500 nm With the thick base insulating
film 53, the amount of oxygen released from the base insu-
lating film 53 can be increased; thus, defects at the interface
between the base insulating film 53 and the indium zinc oxide
film to be formed later can be reduced.

The base insulating film 53 is formed by a sputtering
method, a CVD method, or the like. The oxide insulating film
from which part of contained oxygen is released by heat
treatment can easily be formed by a sputtering method. When
the oxide insulating film from which part of contained oxygen
is released by heat treatment is formed by a sputtering
method, the amount of oxygen in a deposition gas is prefer-
ably large, and oxygen, a mixed gas of oxygen and a rare gas,
orthelike can be used. Typically, the oxygen concentration of
a deposition gas is preferably from 6% to 100%.

The base insulating film 53 is not necessarily formed using
an oxide insulating film from which part of contained oxygen
is released by heat treatment, and may be formed using a
nitride insulating film formed using silicon nitride, silicon
nitride oxide, aluminum nitride, or the like. In addition, the
base insulating film 53 may have a layered structure including
the oxide insulating film and the nitride insulating film; in
such a case, the oxide insulating film is preferably provided
over the nitride insulating film. When a glass substrate con-
taining impurities such as an alkali metal is used, the use of
the nitride insulating film as the base insulating film 53 can
prevent entry of the alkali metal or the like into the indium
zinc oxide film. Since an alkali metal such as lithium, sodium,
or potassium is an adverse impurity for indium zinc oxide, the
amount of such an alkali metal contained in the indium zinc
oxide film is preferably small. The nitride insulating film can
be formed by a CVD method, a sputtering method, or the like.

Next, as illustrated in FIG. 5B, an indium zinc oxide film 55
having hexagonal and rhombohedral crystal structures is
formed to a thickness greater than or equal to 30 nm and less
than or equal to 50 um over the base insulating film 53 by a
sputtering method using a sputtering apparatus.

Here, a treatment chamber of the sputtering apparatus is
described with reference to FIG. 6A. An evacuation unit 33
and a gas supply unit 35 are connected to a treatment chamber
31. In the treatment chamber 31, a substrate support 40 and a
target 41 are provided. The target 41 is connected to a power
supply device 37.

The treatment chamber 31 is connected to GND. When the
leakage rate of the treatment chamber 31 is lower than or
equal to 1x107'° Pa-m*/sec., entry of impurities into a film to
be formed by a sputtering method can be suppressed.

In order to decrease the leakage rate, internal leakage as
well as external leakage needs to be reduced. The external
leakage refers to inflow of a gas from the outside of a vacuum
system through a minute hole, a sealing defect, or the like.
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The internal leakage is due to leakage through a partition,
such as a valve, in a vacuum system or due to a released gas
from an internal member. Measures need to be taken from
both aspects of the external leakage and the internal leakage
in order that the leakage rate be lower than or equal to 1x107*°
Pa-m?/sec.

In order to decrease the external leakage, an open/close
portion of the treatment chamber 31 is preferably sealed with
a metal gasket. For the metal gasket, a metal material covered
with iron fluoride, aluminum oxide, or chromium oxide is
preferably used. The metal gasket achieves higher adhesion
than an O-ring, and can reduce the external leakage. Further,
with the use of a metal material covered with iron fluoride,
aluminum oxide, chromium oxide, or the like which is in the
passive state, a released gas containing hydrogen generated
from the metal gasket is suppressed, so that the internal leak-
age can also be reduced.

As a member forming an inner wall of the treatment cham-
ber 31, aluminum, chromium, titanium, zirconium, nickel, or
vanadium, from which the amount of the released gas con-
taining hydrogen is smaller, is used. An alloy material con-
taining iron, chromium, nickel, and the like covered with the
above-mentioned material may also be used. The alloy mate-
rial containing iron, chromium, nickel, and the like is rigid,
resistant to heat, and suitable for processing. Here, when
surface unevenness of the member is decreased by polishing
or the like to reduce the surface area, the released gas can be
reduced. Alternatively, the above-mentioned member of the
deposition apparatus may be covered with iron fluoride, alu-
minum oxide, chromium oxide, or the like which is in the
passive state.

The member of the inner wall of the treatment chamber 31
is preferably formed with only a metal material as much as
possible. For example, in the case where a viewing window
formed with quartz or the like is provided, a surface is pref-
erably covered thinly with iron fluoride, aluminum oxide,
chromium oxide, or the like which is in the passive state so as
to suppress the released gas.

Further, a refiner for a sputtering gas is preferably provided
just in front of the treatment chamber 31. In this case, the
length of a pipe between the refiner and the treatment cham-
ber 31 is 5 m or less, preferably 1 m or less. When the length
of the pipe is 5 m or less or 1 m or less, the effect of the
released gas from the pipe can be reduced accordingly.

A pipe through which a sputtering gas flows from a cylin-
der to the treatment chamber 31 is preferably formed using a
metal pipe whose inside is covered with iron fluoride, alumi-
num oxide, chromium oxide, or the like which is in the pas-
sive state. With the above-mentioned pipe, the amount of the
released gas containing hydrogen can be small and entry of
impurities into the deposition gas can be suppressed as com-
pared with the case where a SUS316L-EP pipe is used, for
example. Further, a high-performance ultra-compact metal
gasket joint (UPG joint) is preferably used as a joint of the
pipe. In addition, all the materials of the pipe are preferably
metal materials because the effect of the generated released
gas or the external leakage can be less than the case where a
resin or the like is used.

Evacuation of the treatment chamber 31 is preferably per-
formed with a rough vacuum pump, such as a dry pump, and
a high vacuum pump such as a sputter ion pump, a turbo
molecular pump or a cryopump, in appropriate combination.
The turbo molecular pump has an outstanding capability in
evacuating a large-sized molecule, whereas it has a low capa-
bility in evacuating hydrogen or water. Hence, the use in
combination with a cryopump having a high capability in
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evacuating water or a sputter ion pump having a high capa-
bility in evacuating hydrogen is effective.

An adsorbate existing in the inside of the treatment cham-
ber 31 does not affect the pressure in the treatment chamber
31 because itis adsorbed on the inner wall, but leads to release
of gas at the time of the evacuation of the treatment chamber
31. Therefore, although the leakage rate and the evacuation
rate do nothave a correlation, it is important that the adsorbate
existing in the treatment chamber 31 be desorbed as much as
possible and evacuation be performed in advance with the use
of' a pump having high evacuation capability. Note that the
treatment chamber 31 may be subjected to baking for promo-
tion of desorption of the adsorbate. By the baking, the rate of
desorption of the adsorbate can be increased about tenfold.
The baking should be performed at higher than or equal to
100° C. and lower than or equal to 450° C. At this time, when
the adsorbate is removed while an inert gas is introduced, the
rate of desorption of water or the like, which is difficult to
desorb only by evacuation, can be further increased.

The evacuation unit 33 can remove impurities in the treat-
ment chamber 31 and control the pressure in the treatment
chamber 31. An entrapment vacuum pump is preferably used
for the evacuation unit 33. For example, a cryopump, an ion
pump, or a titanium sublimation pump is preferably used.
With the use of the above entrapment vacuum pump, the
amount of hydrogen contained in the indium zinc oxide film
can be reduced.

Note that hydrogen contained in the indium zinc oxide film
may indicate a hydrogen molecule, water, a hydroxyl group,
or hydride in some cases, in addition to a hydrogen atom.

The gas supply unit 35 supplies the treatment chamber 31
with a gas with which a target is sputtered. The gas supply unit
35 includes a cylinder filled with a gas, a pressure adjusting
valve, a stop valve, a mass flow controller, and the like.
Providing a refiner for the gas supply unit 35 makes it possible
to reduce impurities contained in a gas introduced into the
treatment chamber 31. As the gas with which the target is
sputtered, a rare gas such as helium, neon, argon, xenon, or
krypton is used. Alternatively, a mixed gas of oxygen and one
of'the above rare gases can be used.

As the power supply device 37, an RF power supply device,
an AC power supply device, a DC power supply device, or the
like can be used as appropriate. When a magnet is provided
inside or outside a target support for supporting the target,
which is not illustrated, high-density plasma can be confined
in the periphery of the target, so that an improvement in
deposition rate and a reduction in plasma damage on the
substrate can be achieved. This method is referred to as mag-
netron sputtering method. Moreover, when the magnet can be
rotated in employing the magnetron sputtering method, non-
uniformity of a magnetic field can be suppressed, so that
efficiency ofuse of the target is increased and variation in film
quality in a substrate plane can be reduced.

The substrate support 40 is connected to GND. The sub-
strate support 40 is provided with a heater. As a heater, a
device for heating an object by heat conduction or heat radia-
tion from a heater such as a resistance heater can be used.

As the target 41, a metal oxide target containing zinc is
preferably used. As the target 41, a target of an In—Zn—0-
based metal oxide which is a two-component metal oxide can
beused. As thetarget of an In—Zn—O-based metal oxide, for
example, a target having a composition ratio of In,O;:
7Zn0O=1:1 [molar ratio] can be used, but the molar ratio of
In, 05 to ZnO is not limited thereto.

The distance between the target 41 and the substrate 51
(T-S distance) is preferably set to a distance which enables an
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atom whose atomic weight is light to preferentially reach the
base insulating film 53 over the substrate 51.

As illustrated in FIG. 6A, in the treatment chamber 31 of
the sputtering apparatus, the substrate 51 over which the base
insulating film 53 is formed is set over the substrate support
40. Next, a gas for sputtering the target 41 is introduced from
the gas supply unit 35 into the treatment chamber 31. The
purity of the target 41 is 99.9% or higher, preferably 99.99%
or higher. Then, power is supplied to the power supply device
37 connected to the target 41. As a result, with the use of an
ion 43 and an electron in the sputtering gas introduced from
the gas supply unit 35 into the treatment chamber 31, the
target 41 is sputtered.

Here, the distance between the target 41 and the substrate
51 is set to a distance which enables an atom whose atomic
weight is light to preferentially reach the base insulating film
53 over the substrate 51, whereby among atoms contained in
the target 41, an atom 45 whose atomic weight is light can
more preferentially move to the substrate side than an atom 47
whose atomic weight is heavy as illustrated in an enlarged
view 50 in FIG. 6B.

Zinc has a lower atomic weight than indium. Therefore,
zinc is preferentially deposited over the base insulating film
53. Further, since an atmosphere for the deposition contains
oxygen and the substrate support 40 is provided with a heater
for heating the substrate and the deposited film during the
deposition, zinc deposited over the base insulating film 53 is
oxidized, so that a hexagonal or rhombohedral seed crystal
55a containing zinc, typically, a hexagonal or rhombohedral
seed crystal containing zinc oxide is formed.

The hexagonal or rhombohedral seed crystal 55q, for
example, a hexagonal seed crystal containing zinc, includes
bonds for forming hexagonal lattices in the a-b plane. The
hexagonal seed crystal containing zinc contains a crystal
containing zinc and having a hexagonal wurtzite structure in
which the a-b plane is substantially parallel to the surface of
the indium zinc oxide film and the c-axis is substantially
perpendicular to the surface of the indium zinc oxide film.

The following shows the hexagonal crystal containing zinc
and including bonds for forming hexagonal lattices in the a-b
plane and in which the a-b plane is substantially parallel to the
surface of the indium zinc oxide film and the c-axis is sub-
stantially perpendicular to the surface of the indium zinc
oxide film with reference to FIGS. 7A and 7B. As a typical
example of the hexagonal crystal containing zinc, zinc oxide
is described. A black sphere represents zinc, and a white
sphere represents oxygen. FIG. 7A is a schematic diagram of
zinc oxide having a hexagonal crystal structure in the a-b
plane, and FIG. 7B is a schematic diagram of zinc oxide
having a hexagonal crystal structure in which the longitudinal
direction of the drawing is the c-axis direction. As illustrated
in FIG. 7A, in a plan top surface of the a-b plane, zinc and
oxygen are bonded to form a hexagon. As illustrated in FIG.
7B, layers in each of which zinc and oxygen are bonded to
form hexagonal lattices are stacked, and the c-axis direction is
perpendicular to the a-b plane. The seed crystal 554 includes,
in the c-axis direction, at least one atomic layer including
bonds for forming hexagonal lattices in the a-b plane.

Note that the seed crystal 55a includes, in addition to the
hexagonal seed crystal containing zinc, a rhombohedral seed
crystal containing zinc. In this case, the seed crystal 55a
includes bonds for forming square lattices in the a-b plane.
The rhombohedral seed crystal containing zinc contains a
rhombohedral crystal containing zinc and having a crystal
structure in which the a-b plane is substantially parallel to the
surface of the indium zinc oxide film and the c-axis is not
perpendicular to the surface of the indium zinc oxide film.
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The target 41 is continuously sputtered with the use of a
sputtering gas, whereby atoms contained in the target are
deposited over the seed crystal 55a. At this time, crystal
growth is caused with the use of the seed crystal 554 as a
nucleus, so that an indium zinc oxide film 554 having a
hexagonal crystal structure can be formed over the seed crys-
tal 55a. Note that since the substrate 51 is heated by the heater
of'the substrate support 40, crystal growth of the atoms depos-
ited over the surface progresses with the use of the seed
crystal 55a as a nucleus while the atoms are oxidized.

In formation of the indium zinc oxide film 555, crystal
growth of an atom with heavy atomic weight at the surface of
the target 41 and an atom with light atomic weight sputtered
after formation of the seed crystal 554 is caused with the use
of the seed crystal 554 having a hexagonal or rhombohedral
crystal structure as a nucleus while the atoms are oxidized.
Thus, like the seed crystal 554, the indium zinc oxide film 555
includes a region having a crystal structure which includes
bonds for forming hexagonal or square lattices in the a-b
plane and in which the a-b plane is substantially parallel to the
surface of the indium zinc oxide film. Note that in FIG. 5B,
the interface between the seed crystal 554 and the indium zinc
oxide film 555 is denoted by a dotted line for description of a
stacked layer structure of the indium zinc oxide film; how-
ever, the interface is actually not distinct and is illustrated for
easy understanding.

The substrate is heated by the heater at this time at higher
than 100° C. and lower than or equal to 400° C., preferably
higher than or equal to 250° C. and lower than or equal to 350°
C. By performing deposition while the substrate is heated at
higher than 100° C. and lower than or equal to 400° C.,
preferably higher than or equal to 250° C. and lower than or
equal to 350° C., heat treatment can be performed at the same
time as the deposition, so that the indium zinc oxide film
including a region having hexagonal and rhombohedral crys-
tal structures can be formed. Note that the temperature of a
surface where a film is formed in the sputtering is higher than
or equal to 250° C. and lower than or equal to the upper limit
of the heating treatment of the substrate.

As a sputtering gas, a rare gas (typically argon), oxygen, or
amixed gas of a rare gas and oxygen is used as appropriate. A
high-purity gas from which an impurity such as hydrogen,
water, a hydroxyl group, or hydride is removed is preferably
used as a sputtering gas.

When the pressure of the treatment chamber including the
substrate support 40 and the target 41 is lower than or equal to
0.4 Pa, entry of an impurity such an alkali metal or hydrogen
into a surface of the indium zinc oxide film having hexagonal
and rhombohedral crystal structures or the inside thereof can
be suppressed.

Moreover, when the leakage rate of the treatment chamber
of the sputtering apparatus is set to lower than or equal to
1x107° Pa-m®/sec., entry of an impurity such as an alkali
metal, hydrogen, water, a hydroxyl group, or hydride into the
oxide indium zinc oxide film having hexagonal and rhombo-
hedral crystal structures, which is being formed by a sputter-
ing method can be suppressed. Further, with the use of an
entrapment vacuum pump as an evacuation system, counter
flow of an impurity such as an alkali metal, hydrogen, water,
a hydroxyl group, or hydride from the evacuation system can
be reduced.

When the purity of the target 41 is set to higher than or
equal to 99.99%, entry of an alkali metal, hydrogen, water, a
hydroxyl group, hydride, or the like into the indium zinc
oxide film having hexagonal and rhombohedral crystal struc-
tures can be suppressed. With the use of the target, in the
indium zinc oxide film 55, the concentration of lithium can be
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5x10'* cm™ or lower, preferably 1x10'° cm™ or lower; the
concentration of sodium can be 5x10'¢ cm™ or lower, pref-
erably 1x10'® cm™> or lower, further preferably 1x10'° cm™>
or lower; and the concentration of potassium can be 5x10*°
cm™ or lower, preferably 1x10'® cm™ or lower.

In the above deposition method, in one sputtering step, by
utilizing a difference in atomic weight of atoms contained in
the target, zinc with light atomic weight is preferentially
deposited on the oxide insulating film to form a seed crystal,
and indium or the like with heavy atomic weight is deposited
on the seed crystal while crystal growth is carried out. Thus,
the indium zinc oxide film having hexagonal and rhombohe-
dral crystal structures can be formed without performing a
plurality of steps.

In the above method of forming the indium zinc oxide film
55, by a sputtering method, the seed crystal 554 and the
indium zinc oxide film 554 are formed and crystallized at the
same time; however, the oxide semiconductor film according
to this embodiment is not necessarily formed in this manner.
For example, formation and crystallization of the seed crystal
and the indium zinc oxide film may be performed in separate
steps.

A method in which formation and crystallization of the
seed crystal and the indium zinc oxide film are performed in
separate steps is described below with reference to FIGS. 8A
and 8B. In this specification, the method of forming the
indium zinc oxide film having hexagonal and rhombohedral
crystal structures as described below is referred to as “two-
step method” in some cases.

In performing the two-step method, first, a first indium zinc
oxide film with a thickness greater than or equal to 1 nm and
less than or equal to 10 nm is formed over the base insulating
film 53. The first indium zinc oxide film is formed by a
sputtering method, and the substrate temperature in the film
formation by a sputtering method is preferably set to higher
than or equal to 200° C. and lower than or equal to 400° C. The
other film formation conditions are similar to those of the
above method for forming the indium zinc oxide film.

Next, first heat treatment is performed under a condition
where the atmosphere of a chamber in which the substrate is
set is an atmosphere containing nitrogen or dry air. The tem-
perature of the first heat treatment is higher than or equal to
400° C. and lower than or equal to 750° C. Through the first
heat treatment, the first indium zinc oxide film is crystallized,
so that a seed crystal 56a is formed (see FIG. 8A).

Depending on the temperature of the first heat treatment,
the first heat treatment causes crystallization from a film
surface and crystal grows from the film surface toward the
inside of the film; thus, an oxide semiconductor film having
hexagonal and rhombohedral crystal structures is obtained.
With the first heat treatment, large amounts of zinc and oxy-
gen gather at the film surface, one or a plurality of layers of a
graphene-like two-dimensional crystal made of zinc and oxy-
gen which are bonded to form a hexagon and a square on the
top plane is formed on the uppermost surface, and the two-
dimensional crystal grows in the thickness direction and over-
laps with one another to form a stack. By increasing the
temperature of the heat treatment, crystal growth proceeds
from the surface to the inside and further from the inside to the
bottom.

In addition, by using an indium zinc oxide film from which
part of contained oxygen is released by heat treatment as the
base insulating film 53, oxygen in the base insulating film 53
can be diffused into the interface between the base insulating
film 53 and the seed crystal 56a or in the vicinity thereof (£5
nm from the interface) by the first heat treatment, whereby
oxygen vacancies in the seed crystal 56a can be reduced.
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Next, a second indium zinc oxide film with a thickness
greater than 10 nm is formed over the seed crystal 56a. The
second indium zinc oxide film is formed by a sputtering
method, and the substrate temperature in the film formation is
set to higher than or equal to 200° C. and lower than or equal
to 400° C. The other film formation conditions are similar to
those of the above method of forming the indium zinc oxide
film.

Next, second heat treatment is performed under a condition
where the atmosphere of a chamber in which the substrate is
set is an atmosphere containing nitrogen or dry air. The tem-
perature of the second heat treatment is higher than or equal to
400° C. and lower than or equal to 750° C. Through the
second heat treatment, the second indium zinc oxide film is
crystallized, so that an indium zinc oxide film 565 is formed
(see FIG. 8B). The second heat treatment is performed in an
atmosphere containing nitrogen, an atmosphere containing
oxygen, or a mixed atmosphere containing nitrogen and oxy-
gen in order to increase the density of the indium zinc oxide
film 565 and to reduce the number of oxygen vacancies
therein. By the second heat treatment, crystal growth pro-
ceeds in the thickness direction with the use of the seed crystal
56a as a nucleus, that is, crystal growth proceeds from the
bottom to the inside; thus, the indium zinc oxide film 565
having hexagonal and rhombohedral crystal structures is
formed. In this manner, an indium zinc oxide film 56 includ-
ing the seed crystal 56a and the indium zinc oxide film 565 is
formed. In FIG. 8B, the indium zinc oxide film is illustrated
by denoting the interface between the seed crystal 56a and the
indium zinc oxide film 565 by a dotted line; however, the
interface is not distinct and is illustrated for easy understand-
ing.

Itis preferable that the steps from the formation of the base
insulating film 53 to the second heat treatment be performed
successively without exposure to the air. The steps from the
formation of the base insulating film 53 to the second heat
treatment are preferably performed in an atmosphere which is
controlled so as not to substantially contain hydrogen and
moisture (such as an inert atmosphere, a reduced-pressure
atmosphere, or a dry-air atmosphere); in terms of moisture,
for example, a dry nitrogen atmosphere with a dew point of
-40° C. or lower, preferably a dew point of —=50° C. or lower
is preferably employed.

In the above method for film formation, a favorable indium
zinc oxide film having hexagonal and rhombohedral crystal
structures can be formed even at a low substrate temperature
in the film formation, as compared with the method in which
atoms whose atomic weight is light are preferentially depos-
ited on the oxide insulating film. Note that the indium zinc
oxide film 56 formed by the above two-step method has
substantially the same crystallinity as the indium zinc oxide
film 55 which is formed by the method in which atoms whose
atomic weight is light are preferentially deposited on the
oxide insulating film, and the indium zinc oxide film 56 also
has stable electric conductivity. Therefore, a highly reliable
semiconductor device having stable electric characteristics
can be provided by using the indium zinc oxide film which is
formed by either of the above methods. As for a process
described below, a process of manufacturing the transistor
120 with the use of the indium zinc oxide film 55 is described;
however, the indium zinc oxide film 56 can also be used
similarly.

Through the above process, the indium zinc oxide film 55
including a stack of the seed crystal 55a and the indium zinc
oxide film 555 can be formed over the base insulating film 53.
Next, it is preferable that heat treatment be performed on the
substrate 51 so that hydrogen is released from the indium zinc
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oxide film 55 and part of oxygen contained in the base insu-
lating film 53 can be diffused into the indium zinc oxide film
55 and in the vicinity of the interface between the base insu-
lating film 53 and the indium zinc oxide film 55.

The temperature of the heat treatment is preferably a tem-
perature at which hydrogen is released from the indium zinc
oxide film 55 and part of oxygen contained in the base insu-
lating film 53 is released and diffused into the indium zinc
oxide film 55. The temperature is typically higher than or
equal to 150° C. and lower than the strain point of the sub-
strate 51, preferably higher than or equal to 250° C. and lower
than or equal to 450° C. When the heat treatment temperature
is higher than the temperature in forming the oxide semicon-
ductor film having hexagonal and rhombohedral crystal
structures, a larger amount of oxygen contained in the base
insulating film 53 can be released.

The heat treatment is preferably performed in an inert gas
atmosphere, an atmosphere containing oxygen, an atmo-
sphere containing nitrogen, or a mixed atmosphere contain-
ing oxygen and nitrogen, which do not substantially contain
hydrogen and moisture. As an inert gas atmosphere, typically,
an atmosphere containing a rare gas such as helium, neon,
argon, xenon, or krypton is preferable. In addition, heating
time of the heat treatment is longer than or equal to 1 minute
and shorter than or equal to 24 hours.

This heat treatment enables release of hydrogen from the
indium zinc oxide film 55 and diffusion of part of oxygen
contained in the base insulating film 53 into the indium zinc
oxide film 55 and in the vicinity of the interface between the
base insulating film 53 and the indium zinc oxide film 55.
Through this process, oxygen vacancies in the indium zinc
oxide film 55 can be reduced. As a result, it is possible to form
an indium zinc oxide film including an oxide semiconductor
with reduced hydrogen concentration and reduced oxygen
vacancies and having hexagonal and rhombohedral crystal
structures.

Next, a mask is formed over the indium zinc oxide film 55,
and then the indium zinc oxide film 55 is selectively etched
with the use of the mask, so that an indium zinc oxide film 59
is formed as illustrated in FIG. 5C. After that, the mask is
removed.

The mask used in the etching of the indium zinc oxide film
55 can be formed as appropriate by a photolithography
method, an inkjet method, a printing method, or the like. Wet
etching or dry etching may be employed as appropriate for the
etching of the indium zinc oxide film 55.

Next, as illustrated in FIG. 5D, a source electrode 61a and
a drain electrode 615 which are in contact with the indium
zinc oxide film 59 are formed.

The source electrode 61a and the drain electrode 615 can
be formed using a metal element selected from aluminum,
chromium, copper, tantalum, titanium, molybdenum, tung-
sten, manganese, and zirconium; an alloy containing any of
these metal elements as a component; an alloy containing any
of these metal elements in combination; or the like. Alterna-
tively, an alloy film or a nitride film which contains aluminum
and one or more metal elements selected from titanium, tan-
talum, tungsten, molybdenum, chromium, neodymium, and
scandium may be used. The source electrode 61a and the
drain electrode 615 may be a single layer or a stack of two or
more layers. For example, it is possible to use a single-layer
structure of an aluminum film containing silicon, a two-layer
structure in which a copper film is stacked over a Cu—Mg—
Al alloy film, a two-layer structure in which a titanium film is
stacked over an aluminum film, a two-layer structure in which
a titanium film is stacked over a titanium nitride film, a two-
layer structure in which a tungsten film is stacked over a
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titanium nitride film, a two-layer structure in which a tungsten
film is stacked over a tantalum nitride film, a three-layer
structure in which a titanium film, an aluminum film, and a
titanium film are stacked in this order, or the like.

The source electrode 61a and the drain electrode 615 can
also be formed using a light-transmitting conductive material
such as indium tin oxide, indium oxide containing tungsten
oxide, indium zinc oxide containing tungsten oxide, indium
oxide containing titanium oxide, indium tin oxide containing
titanium oxide, indium zinc oxide, or indium tin oxide to
which silicon oxide is added. It is also possible to have a
stacked-layer structure formed using the above light-trans-
mitting conductive material and the above metal element.

After a conductive film is formed by a sputtering method,
a CVD method, an evaporation method, or the like, a mask is
formed over the conductive film and the conductive film is
etched, whereby the source electrode 61a and the drain elec-
trode 615 are formed. The mask formed over the conductive
film can be formed by a printing method, an inkjet method, a
photolithography method, or the like as appropriate. Alterna-
tively, the source electrode 61a and the drain electrode 615
can be directly formed by a printing method or an inkjet
method.

At this time, the conductive film is formed over the indium
zinc oxide film 59 and the base insulating film 53, and etched
into a predetermined pattern to form the source electrode 61a
and the drain electrode 615.

Alternatively, the indium zinc oxide film 59, the source
electrode 61a, and the drain electrode 615 may be formed in
such a manner that a conductive film is formed over the
indium zinc oxide film 55, and the indium zinc oxide film 55
and the conductive film are etched with the use of a multi-tone
photomask. In the above manner, an uneven mask is formed,
the indium zinc oxide film 55 and the conductive film are
etched with the use of the uneven mask, the uneven mask is
divided by ashing, and the conductive film is selectively
etched with masks obtained by the dividing, whereby the
indium zinc oxide film 59, the source electrode 61a, and the
drain electrode 615 can be formed. In this process, the number
of the photomasks used and the number of steps in the pho-
tolithography process can be reduced.

Then, a gate insulating film 63 is formed over the indium
zinc oxide film 59, the source electrode 614, and the drain
electrode 615 as illustrated in FIG. SE.

The gate insulating film 63 can be formed with a single
layer or a stacked layer of silicon oxide, silicon oxynitride,
silicon nitride, silicon nitride oxide, aluminum oxide, alumi-
num oxynitride, or gallium oxide. It is preferable that a por-
tion in the gate insulating film 63 which is in contact with the
indium zinc oxide film 59 contain oxygen. It is more prefer-
able that the gate insulating film 63 be formed using an oxide
insulating film from which part of contained oxygen is
released by heat treatment, like the base insulating film 53. By
using a silicon oxide film as the oxide insulating film from
which oxygen is released, oxygen can be diffused into the
indium zinc oxide film 59 in heat treatment in a later step,
whereby characteristics of the transistor 120 can be favorable.

The gate insulating film 63 is formed using a high-k mate-
rial such as hafnium silicate (HfSiO,), hafnium silicate to
which nitrogen is added (HfSi,O,N,), hafnium aluminate to
which nitrogen is added (HfAL O N), hafnium oxide, or
yttrium oxide, so that gate leakage current can be reduced.
Further, a stacked structure can be used in which a high-k
material and one or more of silicon oxide, silicon oxynitride,
silicon nitride, silicon nitride oxide, aluminum oxide, alumi-
num oxynitride, and gallium oxide are stacked. The thickness
of the gate insulating film 63 is preferably from 1 nm to 300
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nm, and more preferably from 5 nm to 50 nm. When the
thickness of the gate insulating film 63 is 5 nm or more, gate
leakage current can be reduced.

Before the gate insulating film 63 is formed, the surface of
the indium zinc oxide film 59 may be exposed to plasma of an
oxidative gas such as oxygen, ozone, or dinitrogen monoxide
s0 as to be oxidized, thereby reducing oxygen vacancies.

Next, a gate electrode 65 is formed in a region which is over
the gate insulating film 63 and overlaps with the indium zinc
oxide film 59.

The gate electrode 65 can be formed using a metal element
selected from aluminum, chromium, copper, tantalum, tita-
nium, molybdenum, tungsten, manganese, and zirconium; an
alloy containing any of these metal elements as a component;
an alloy containing any of these metal elements in combina-
tion; or the like. Alternatively, an alloy film or a nitride film
which contains aluminum and one or more metal elements
selected from titanium, tantalum, tungsten, molybdenum,
chromium, neodymium, and scandium may be used. Further,
the gate electrode 65 may have a single-layer structure or a
stacked-layer structure of two or more layers. For example, it
is possible to use a single-layer structure of an aluminum film
containing silicon, a two-layer structure in which a titanium
film is stacked over an aluminum film, a two-layer structure in
which a titanium film is stacked over a titanium nitride film, a
two-layer structure in which a tungsten film is stacked over a
titanium nitride film, a two-layer structure in which a tungsten
film is stacked over a tantalum nitride film, a three-layer
structure in which a titanium film, an aluminum film, and a
titanium film are stacked in this order, or the like.

The gate electrode 65 can be formed using a light-trans-
mitting conductive material such as indium tin oxide, indium
oxide containing tungsten oxide, indium zinc oxide contain-
ing tungsten oxide, indium oxide containing titanium oxide,
indium tin oxide containing titanium oxide, indium zinc
oxide, or indium tin oxide to which silicon oxide is added. In
addition, a compound conductor obtained by sputtering using
an In—Ga—7n—O0-based metal oxide as a target in an atmo-
sphere containing nitrogen may be used. It is also possible to
have a stacked-layer structure formed using the above light-
transmitting conductive material and the above metal ele-
ment.

Further, an insulating film 69 may be formed as a protective
film over the gate electrode 65 (see FIG. 5E). In addition, after
contact holes are formed in the gate insulating film 63 and the
insulating film 69, wirings may be formed so as to be con-
nected to the source electrode 614 and the drain electrode 615.

The insulating film 69 can be formed as appropriate with an
insulating film similar to that of the gate insulating film 63.
When a silicon nitride film is formed as the insulating film 69
by a sputtering method, entry of moisture and an alkali metal
from the outside can be prevented, and thus the amount of
impurities contained in the indium zinc oxide film 59 can be
reduced.

Note that after the gate insulating film 63 is formed or the
insulating film 69 is formed, heat treatment may be per-
formed. This heat treatment enables release of hydrogen from
the indium zinc oxide film 59 and diffusion of part of oxygen
contained in base insulating film 53, the gate insulating film
63, or the insulating film 69 into the indium zinc oxide film
59, in the vicinity of the interface between the base insulating
film 53 and the indium zinc oxide film 59, and in the vicinity
of the interface between the gate insulating film 63 and the
indium zinc oxide film 59. Through this process, oxygen
vacancies in the indium zinc oxide film 59 can be reduced,
and oxygen vacancies at the interface between the indium
zinc oxide film 59 and the base insulating film 53 or the
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interface between the indium zinc oxide film 59 and the gate
insulating film 63 can be reduced. As a result, it is possible to
form the indium zinc oxide film 59 in which the hydrogen
concentration and oxygen vacancies are reduced.

Through the above process, the transistor 120 in which a
channel region is formed in the indium zinc oxide film having
hexagonal and rhombohedral crystal structures can be
formed. As illustrated in FIG. 5E, the transistor 120 includes
the base insulating film 53 provided over the substrate 51, the
indium zinc oxide film 59 provided over the base insulating
film 53, the source electrode 61a and the drain electrode 615
provided in contact with an upper surface and side surfaces of
the indium zinc oxide film 59, the gate insulating film 63
provided over the indium zinc oxide film 59, the gate elec-
trode 65 provided over the gate insulating film 63 so as to
overlap with the indium zinc oxide film 59, and the insulating
film 69 provided over the gate electrode 65.

The indium zinc oxide film used for the transistor 120
includes an oxide semiconductor having hexagonal and
rhombohedral crystal structures and has favorable crystallin-
ity compared with an oxide semiconductor film which is
entirely amorphous; thus, oxygen vacancies, dangling bonds,
or impurities such as hydrogen bonded to dangling bonds or
the like are reduced. A defect typified by such an oxygen
vacancy, a dangling bond, hydrogen bonded to a dangling
bond or the like, or the like functions as a carrier trap or a
source for supplying a carrier in the oxide semiconductor
film, which might change the electric conductivity of the
oxide semiconductor film. Therefore, the indium zinc oxide
film having hexagonal and rhombohedral crystal structures in
which such defects are reduced has stable electric conductiv-
ity and is more electrically stable with respect to irradiation
with visible light, ultraviolet light, and the like. By using such
an indium zinc oxide film having hexagonal and rhombohe-
dral crystal structures for a transistor, a highly reliable semi-
conductor device having stable electric characteristics can be
provided.

The semiconductor device according to one embodiment
of the present invention is not limited to the transistor 120
illustrated in FIGS. 5A to 5E. For example, a structure like a
transistor 130 illustrated in FIG. 9A may be employed. The
transistor 130 includes the base insulating film 53 provided
over the substrate 51, the source electrode 61a and the drain
electrode 615 provided over the base insulating film 53, the
indium zinc oxide film 59 provided in contact with upper
surfaces and side surfaces of the source electrode 61a and the
drain electrode 615, the gate insulating film 63 provided over
the indium zinc oxide film 59, the gate electrode 65 provided
over the gate insulating film 63 so as to overlap with the
indium zinc oxide film 59, and the insulating film 69 provided
over the gate electrode 65. That is, the transistor 130 is dif-
ferent from the transistor 120 in that the indium zinc oxide
film 59 is provided in contact with the upper surfaces and the
side surfaces of the source electrode 614 and the drain elec-
trode 615.

In addition, a structure like a transistor 140 illustrated in
FIG. 9B may be employed. The transistor 140 includes the
base insulating film 53 provided over the substrate 51, the
gate electrode 65 provided over the base insulating film 53,
the gate insulating film 63 provided over the gate electrode
65, the indium zinc oxide film 59 provided over the gate
insulating film 63, the source electrode 61a and the drain
electrode 615 provided in contact with a top surface and side
surfaces of the indium zinc oxide film 59, and the insulating
film 69 provided over the indium zinc oxide film 59. That is,
the transistor 140 is different from the transistor 120 in that it
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has a bottom gate structure in which the gate electrode 65 and
the gate insulating film 63 are provided below the indium zinc
oxide film 59.

In addition, a structure like a transistor 150 illustrated in
FIG. 9C may be employed. The transistor 150 includes the
base insulating film 53 provided over the substrate 51, the
gate electrode 65 provided over the base insulating film 53,
the gate insulating film 63 provided over the gate electrode
65, the source electrode 61a and the drain electrode 615
provided over the gate insulating film 63, the indium zinc
oxide film 59 provided in contact with upper surfaces and side
surfaces of the source electrode 61a and the drain electrode
6154, and the insulating film 69 provided over the indium zinc
oxide film 59. That is, the transistor 150 is different from the
transistor 130 in that it has a bottom gate structure in which
the gate electrode 65 and the gate insulating film 63 are
provided below the indium zinc oxide film 59.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in other embodi-
ments.

Embodiment 3

In this embodiment, an example in which at least part of a
driver circuit and a transistor to be disposed in a pixel portion
are formed over one substrate is described below.

The transistor to be disposed in the pixel portion is formed
in accordance with Embodiment 2. Further, the transistor can
easily be an n-channel transistor; thus, part of a driver circuit
that can be formed using an n-channel transistor in the driver
circuit is formed over the same substrate as the transistor of
the pixel portion. By using the transistor described in the
above embodiment for the pixel portion or the driver circuit as
described above, a highly reliable display device can be pro-
vided.

FIG. 10A is an example of a block diagram of an active
matrix display device. A pixel portion 501, a first scan line
driver circuit 502, a second scan line driver circuit 503, and a
signal line driver circuit 504 are provided over a substrate 500
in the display device. In the pixel portion 501, a plurality of
signal lines extended from the signal line driver circuit 504
are arranged and a plurality of scan lines extended from the
first scan line driver circuit 502 and the second scan line driver
circuit 503 are arranged. Note that pixels which include dis-
play elements are provided in a matrix in respective regions
where the scan lines and the signal lines intersect with each
other. The substrate 500 of the display device is connected to
a timing control circuit (also referred to as controller or con-
trol IC) through a connection portion such as a flexible printed
circuit (FPC).

In FIG. 10A, the first scan line driver circuit 502, the
second scan line driver circuit 503, and the signal line driver
circuit 504 are formed over the same substrate 500 as the pixel
portion 501. Accordingly, the number of components of a
driver circuit which is provided outside and the like are
reduced, so that reduction in cost can be achieved. Further,
when the driver circuit is provided outside the substrate 500,
wiring would need to be extended and the number of wiring
connections would be increased, but when the driver circuit is
provided over the substrate 500, the number of wiring con-
nections can be reduced. Accordingly, the reliability or yield
can be improved.

FIG. 10B illustrates an example of a circuit configuration
of the pixel portion. Here, a pixel structure of a VA liquid
crystal display panel is shown.
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In this pixel structure, a plurality of pixel electrode layers
are provided in one pixel, and transistors are connected to
respective pixel electrode layers. The transistors are driven by
different gate signals. In other words, signals applied to indi-
vidual pixel electrode layers in a multi-domain pixel are
controlled independently.

A gate wiring 512 of a transistor 516 and a gate wiring 513
of a transistor 517 are separated so that different gate signals
can be given thereto. In contrast, a source or drain electrode
layer 514 functioning as a data line is used in common for the
transistors 516 and 517. As the transistors 516 and 517, the
transistor described in the above embodiment can be used as
appropriate. In the above manner, a highly reliable liquid
crystal display panel can be provided.

A first pixel electrode layer connected to the transistor 516
and a second pixel electrode layer connected to the transistor
517 have different shapes and are separated by a slit. The
second pixel electrode layer is provided so as to surround the
external side of the first pixel electrode layer which is spread
in a V shape. Timing of voltage application is made to vary
between the first and second pixel electrode layers by the
transistors 516 and 517 in order to control alignment of the
liquid crystal. The transistor 516 is connected to the gate
wiring 512, and the transistor 517 is connected to the gate
wiring 513. When different gate signals are supplied to the
gate wiring 512 and the gate wiring 513, operation timings of
the transistor 516 and the transistor 517 can be varied.

Further, a storage capacitor is formed using a capacitor
wiring 510, a gate insulating film functioning as a dielectric,
and a capacitor electrode connected to the first pixel electrode
layer or the second pixel electrode layer.

The first pixel electrode layer, a liquid crystal layer, and a
counter electrode layer overlap with one another to form a
first liquid crystal element 518. In addition, the second pixel
electrode layer, the liquid crystal layer, and the counter elec-
trode layer overlap with one another to form a second liquid
crystal element 519. The pixel structure is a multi-domain
structure in which the first liquid crystal element 518 and the
second liquid crystal element 519 are provided in one pixel.

Note that the pixel structure is not limited to that illustrated
in FIG. 10B. For example, a switch, a resistor, a capacitor, a
transistor, a sensor, a logic circuit, or the like may be added to
the pixel illustrated in FIG. 10B.

FIG. 10C shows an example of a circuit configuration of
the pixel portion. Here, a pixel structure of a display panel
using an organic EL element is shown.

In an organic EL element, by application of voltage to a
light-emitting element, electrons and holes are separately
injected from a pair of electrodes into a layer containing a
light-emitting organic compound, and current flows. The car-
riers (electrons and holes) are recombined, and thus, the light-
emitting organic compound is excited. The light-emitting
organic compound relaxes to a ground state from the excited
state, thereby emitting light. Owing to such a mechanism, this
light-emitting element is referred to as current-excitation
light-emitting element.

The following shows the structure and operation of a pixel
by which the organic EL element can be driven. Here, one
pixel includes two n-channel transistors each of which
includes an indium zinc oxide film for a channel region.

A pixel 520 includes a switching transistor 521, a driving
transistor 522, a light-emitting element 524, and a capacitor
523. A gate electrode layer of the switching transistor 521 is
connected to a scan line 526, a first electrode (one of a source
electrode layer and a drain electrode layer) of the switching
transistor 521 is connected to a signal line 525, and a second
electrode (the other of the source electrode layer and the drain
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electrode layer) of the switching transistor 521 is connected
to a gate electrode layer of the driving transistor 522. The gate
electrode layer of the driving transistor 522 is connected to a
power supply line 527 through the capacitor 523, a first elec-
trode of the driving transistor 522 is connected to the power
supply line 527, and a second electrode of the driving tran-
sistor 522 is connected to a first electrode (pixel electrode) of
the light-emitting element 524. A second electrode of the
light-emitting element 524 corresponds to a common elec-
trode 528. The common electrode 528 is connected to a com-
mon potential line formed over the same substrate as the
common electrode 528.

As the switching transistor 521 and the driving transistor
522, the transistor described in Embodiment 2 can be used as
appropriate. In this manner, a highly reliable display panel
including an organic EL element can be provided.

Note that the second electrode (the common electrode 528)
of the light-emitting element 524 is set to have a low power
supply potential. Note that the low power supply potential is
a potential satisfying the low power supply potential<a high
power supply potential with reference to the high power sup-
ply potential that is set for the power supply line 527. As the
low power supply potential, GND, 0V, or the like may be
employed, for example. In order to make the light-emitting
element 524 emit light by applying a potential difference
between the high power supply potential and the low power
supply potential to the light-emitting element 524 so that
current is supplied to the light-emitting element 524, each of
the potentials is set so that the potential difference between
the high power supply potential and the low power supply
potential is higher than or equal to the forward threshold
voltage of the light-emitting element 524.

Gate capacitance of the driving transistor 522 may be used
as a substitute for the capacitor 523, in which case the capaci-
tor 523 can be omitted. The gate capacitance of the driving
transistor 522 may be formed between a channel region and
the gate electrode layer.

In the case of performing analog grayscale driving, a volt-
age of higher than or equal to the sum of the forward voltage
of the light-emitting element 524 and V , of the driving tran-
sistor 522 is applied to the gate electrode layer of the driving
transistor 522. The forward voltage of the light-emitting ele-
ment 524 indicates a voltage at which a desired luminance is
obtained, and includes at least a forward threshold voltage. A
video signal by which the driving transistor 522 is operated in
a saturation region is input, so that current can be supplied to
the light-emitting element 524. In order for the driving tran-
sistor 522 to operate in a saturation region, the potential of the
power supply line 527 is set to be higher than the gate poten-
tial of the driving transistor 522. Since the video signal is an
analog signal, a current in accordance with the video signal
can be supplied to the light-emitting element 524, and analog
grayscale driving can be performed.

Note that the pixel structure is not limited to that illustrated
in FIG. 10C. For example, a switch, a resistor, a capacitor, a
sensor, a transistor, a logic circuit, or the like may be added to
the pixel illustrated in FIG. 10C.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in other embodi-
ments.

Embodiment 4

A semiconductor device disclosed in this specification can
be applied to a variety of electronic appliances (including
game machines). Examples of electronic appliances are a
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television set (also referred to as television or television
receiver), a monitor of a computer or the like, a camera such
as a digital camera or a digital video camera, a digital photo
frame, a mobile phone handset (also referred to as mobile
phone or mobile phone device), a portable game machine, a
portable information terminal, an audio reproducing device, a
large-sized game machine such as a pachinko machine, and
the like. Examples of electronic appliances each including the
display device described in any of the above embodiments are
described.

FIG. 11A illustrates a portable information terminal
including amain body 1001, a housing 1002, display portions
10034 and 10035, and the like. The display portion 10035 is
atouch panel. By touching a keyboard button 1004 displayed
on the display portion 10035, a screen can be operated and
text can be input. Needless to say, the display portion 1003«
may be a touch panel. A liquid crystal panel or an organic
light-emitting panel is manufactured by using the transistor
described in the above embodiment as a switching element
and applied to the display portion 1003« or 10035, whereby a
highly reliable portable information terminal can be pro-
vided.

The portable information terminal illustrated in FIG. 11A
can have a function of displaying a variety of kinds of infor-
mation (e.g., a still image, a moving image, and a text image),
afunction of displaying a calendar, a date, the time, or the like
on the display portion, a function of operating or editing the
information displayed on the display portion, a function of
controlling processing by a variety of kinds of software (pro-
grams), and the like. Furthermore, an external connection
terminal (e.g., an earphone terminal or a USB terminal), a
recording medium insertion portion, and the like may be
provided on the back surface or the side surface of the hous-
ing.

The portable information terminal illustrated in FIG. 11A
may transmit and receive data wirelessly. Through wireless
communication, desired book data or the like can be pur-
chased and downloaded from an electronic book server.

FIG. 11B illustrates a portable music player including, in a
main body 1021, a display portion 1023, a fixing portion 1022
with which the portable music player can be worn on the ear,
a speaker, an operation button 1024, an external memory slot
1025, and the like. A liquid crystal panel or an organic light-
emitting panel is manufactured by using the transistor
described in the above embodiment as a switching element
and applied to the display portion 1023, whereby a highly
reliable portable music player can be provided.

Furthermore, when the portable music player illustrated in
FIG. 11B has an antenna, a microphone function, or a wire-
less communication function and is used with a mobile
phone, a user can talk on the phone wirelessly in a hands-free
way while driving a car or the like.

FIG. 11C illustrates a mobile phone including two hous-
ings, a housing 1030 and a housing 1031. The housing 1031
includes a display panel 1032, a speaker 1033, a microphone
1034, a pointing device 1036, a camera lens 1037, an external
connection terminal 1038, and the like. The housing 1030 is
provided with a solar cell 1040 for charging the mobile phone,
an external memory slot 1041, and the like. In addition, an
antenna is incorporated in the housing 1031. The transistor
described in the above embodiment is applied to the display
panel 1032, whereby a highly reliable mobile phone can be
provided.

Further, the display panel 1032 includes a touch panel. A
plurality of operation keys 1035 which are displayed as
images are indicated by dotted lines in FIG. 11C. Note that a
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boosting circuit by which a voltage output from the solar cell
1040 is increased to be sufficiently high for each circuit is also
included.

For example, a power transistor used for a power supply
circuit such as a boosting circuit can also be formed when the
oxide semiconductor film of the transistor described in the
above embodiment has a thickness of greater than or equal to
2 um and less than or equal to 50 um.

In the display panel 1032, the direction of display is
changed as appropriate depending on the application mode.
Further, the mobile phone is provided with the camera lens
1037 on the same surface as the display panel 1032, and thus
it can be used as a video phone. The speaker 1033 and the
microphone 1034 can be used for videophone calls, record-
ing, and playing sound, and the like as well as voice calls.
Moreover, the housings 1030 and 1031 in a state where they
are developed as illustrated in FIG. 11C can shift, by sliding,
to a state where one overlaps with the other. Therefore, the
size of the mobile phone can be reduced, which makes the
mobile phone suitable for being carried around.

The external connection terminal 1038 can be connected to
an AC adaptor and a variety of cables such as a USB cable,
whereby charging and data communication with a personal
computer or the like are possible. Further, by inserting a
recording medium into the external memory slot 1041, a
larger amount of data can be stored and moved.

Further, in addition to the above functions, an infrared
communication function, a television reception function, or
the like may be provided.

FIG. 11D illustrates an example of a television set. In a
television set 1050, a display portion 1053 is incorporated in
a housing 1051. Images can be displayed on the display
portion 1053. Here, the housing 1051 is supported on a stand
1055 incorporating a CPU. The transistor described in the
above embodiment is applied to the display portion 1053,
whereby the highly reliable television set 1050 can be pro-
vided.

The television set 1050 can be operated with an operation
switch of the housing 1051 or a separate remote controller.
Further, the remote controller may be provided with a display
portion for displaying data output from the remote controller.

Note that the television set 1050 is provided with a receiver,
a modem, and the like. A general television broadcast can be
received with the receiver. Moreover, when the display device
is connected to a communication network with or without
wires via the modem, one-way (from a sender to a receiver) or
two-way (between a sender and a receiver or between receiv-
ers) information communication can be performed.

Further, the television set 1050 is provided with an external
connection terminal 1054, a storage medium recording and
reproducing portion 1052, and an external memory slot. The
external connection terminal 1054 can be connected to vari-
ous types of cables such as a USB cable, and data communi-
cation with a personal computer or the like is possible. A disk
storage medium is inserted into the storage medium recording
and reproducing portion 1052, data stored in the storage
medium can be read, and data can be written to the storage
medium. In addition, an image, a video, or the like stored as
data in an external memory 1056 inserted into the external
memory slot can be displayed on the display portion 1053.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in other embodi-
ments.
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This application is based on Japanese Patent Application
serial no. 2011-068436 filed with Japan Patent Office on Mar.
25,2011, the entire contents of which are hereby incorporated
by reference.
What is claimed is:
1. A display device comprising:
a transistor over a substrate, the transistor comprising:
a gate electrode;
an oxide semiconductor film comprising of indium zinc
oxide;
a first insulating film provided between the gate elec-
trode and the oxide semiconductor film;
a source electrode and a drain electrode provided in
contact with the oxide semiconductor film; and
a second insulating film provided over the oxide semi-
conductor film,
wherein the oxide semiconductor film includes a hex-
agonal crystal structure in which an a-b plane is sub-
stantially parallel to a surface of the oxide semicon-
ductor film and a rhombohedral crystal structure in
which an a-b plane is substantially parallel to the
surface of the oxide semiconductor film.
2. The display device according to claim 1,
wherein the oxide semiconductor film comprises a plural-
ity of regions each of which comprises the hexagonal
crystal structure and the rhombohedral crystal structure.
3. The display device according to claim 1,
wherein the gate electrode is provided over the oxide semi-
conductor film, and
wherein the source electrode and the drain electrode is
provided over the oxide semiconductor film.
4. The display device according to claim 3,
wherein the gate electrode overlaps with a part of the
source electrode and a part of the drain electrode.
5. The display device according to claim 1,
wherein the gate electrode is provided over the oxide semi-
conductor film, and
wherein the source electrode and the drain electrode is
provided under the oxide semiconductor film.
6. The display device according to claim 1,
wherein the gate electrode is provided under the oxide
semiconductor film, and
wherein the source electrode and the drain electrode is
provided over the oxide semiconductor film.
7. The display device according to claim 1,
wherein the gate electrode is provided under the oxide
semiconductor film, and
wherein the source electrode and the drain electrode is
provided under the oxide semiconductor film.
8. The display device according to claim 1,
wherein, in the oxide semiconductor film, a concentration
of alkali metal is lower than or equal to 5x10'¢ atoms/
cm’.
9. The display device according to claim 1,
wherein, in the oxide semiconductor film, a concentration
of hydrogen is lower than or equal to 5x10'° atom/cm’>.
10. The display device according to claim 1,
wherein the hexagonal crystal structure is a crystal struc-
ture of an oxide semiconductor having a composition
ratio of In:Zn=1:1, and
wherein the rhombohedral crystal structure is a crystal
structure of an oxide semiconductor having a composi-
tion ratio of In:Zn=2:1.
11. The display device according to claim 10,
wherein the oxide semiconductor film comprises a plural-
ity of regions each of which comprises the hexagonal
crystal structure and the rhombohedral crystal structure.
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12. The display device according to claim 1, further com-
prising:
a driver circuit over the substrate; and
a pixel portion including the transistor.
13. A display device comprising:
an organic EL element,
a transistor electrically connected to the organic EL ele-
ment, the transistor comprising:
a gate electrode;
an oxide semiconductor film comprising of indium zinc
oxide;
a first insulating film provided between the gate elec-
trode and the oxide semiconductor film;
a source electrode and a drain electrode provided in
contact with the oxide semiconductor film; and
a second insulating film provided over the oxide semi-
conductor film,
wherein the oxide semiconductor film includes a hex-
agonal crystal structure in which an a-b plane is sub-
stantially parallel to a surface of the oxide semicon-
ductor film and a rhombohedral crystal structure in
which an a-b plane is substantially parallel to the
surface of the oxide semiconductor film.
14. The display device according to claim 13,
wherein the oxide semiconductor film comprises a plural-
ity of regions each of which comprises the hexagonal
crystal structure and the rhombohedral crystal structure.
15. The display device according to claim 13,
wherein the hexagonal crystal structure is a crystal struc-
ture of an oxide semiconductor having a composition
ratio of In:Zn=1:1, and
wherein the rhombohedral crystal structure is a crystal
structure of an oxide semiconductor having a composi-
tion ratio of In:Zn=2:1.
16. The display device according to claim 15,
wherein the oxide semiconductor film comprises a plural-
ity of regions each of which comprises the hexagonal
crystal structure and the rhombohedral crystal structure.
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17. A display device comprising:
a liquid crystal element,
a transistor electrically connected to the liquid crystal ele-
ment, the transistor comprising:
a gate electrode;
an oxide semiconductor film comprising of indium zinc
oxide;
a first insulating film provided between the gate elec-
trode and the oxide semiconductor film;
a source electrode and a drain electrode provided in
contact with the oxide semiconductor film; and
a second insulating film provided over the oxide semi-
conductor film,
wherein the oxide semiconductor film includes a hex-
agonal crystal structure in which an a-b plane is sub-
stantially parallel to a surface of the oxide semicon-
ductor film and a rhombohedral crystal structure in
which an a-b plane is substantially parallel to the
surface of the oxide semiconductor film.
18. The display device according to claim 17,
wherein the oxide semiconductor film comprises a plural-
ity of regions each of which comprises the hexagonal
crystal structure and the rhombohedral crystal structure.
19. The display device according to claim 17,
wherein the hexagonal crystal structure is a crystal struc-
ture of an oxide semiconductor having a composition
ratio of In:Zn=1:1, and
wherein the rhombohedral crystal structure is a crystal
structure of an oxide semiconductor having a composi-
tion ratio of In:Zn=2:1.
20. The display device according to claim 19,
wherein the oxide semiconductor film comprises a plural-
ity of regions each of which comprises the hexagonal
crystal structure and the rhombohedral crystal structure.
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